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ABSTRACT

/

)\

A research program was conducted to evaluate the blast resistance of
expedient fallout sheiters designed for the civilian populatien in the event
of a nuclear attack. As part of this research, model size shelters of six
different designs were tested in a shock tunnel at average overpressure levels
of 2.8, 4.6, and 8.8 psi. Measurements of the external blast pressures and
internal pressure leakage into the model shelters were made. The expedient
shelters tested utilize, in general, shallow soil excavation, load-bearing
members of timber or doors, and soil-covered roofs. Replica mdel sizes were
selected so that the shock tunnel load durations were long emough to test in
the quasi-static load realm. An elevated soil section was used in the tunnel
to test 96 response models in 12 experiments. “Some of the shelter designs
surviveqd at every overpressure level very well, while other test items
suffered structural fallures in almost every case. This paper presents a
prief description of the experiments, including somé details of the shelters,
of the mode! fabrication and pressure measurement system, and a summary of the

\

resylts.
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INTROOUCTION

A number of do-it-yourself shelters have been designed and recommended
for providing protection to families or other small groups from deadly
radiation and radiocactive fallout generated by a nuclear detonation [1,2].
Shelter designs vary to accommodate different local soil conditions and
avallable materials. For example, in areas where below ground shelters are
impractical due to a shallow water table or bedrock, the expedient shelter
recommended would be above ground. Ffor areas with an abundance of small
trees, the structural materials specified are wooden poles of various
lengths. For areas where there {s a shortage of small trees, household doors
are used as the load-bearing members. However, for all designs, a thick earth
cover and walls are used as the primary radiation shield.

Some of these shelters had been tested in high explosive nuclear
simulation cests {3,4]. Generally, the results of these limited tests yielded
qualitative results of a shelter at a particular overpressure range. To
better evaluate the level of blast protection expedient shelters provide to
occupants, an analytical and exper1menta1 program was conducted by Southwest
Research Institute (SwRI) [5]. In this program, a literature search was
conducted to identify expedient shelter designs. Eight selected designs were
then evaluated analytically to determine expected failure mechanisms and to
estimate the blast overpressures at which structural failures such as
overturning, trench collapse, or roof collapse would be expected to occur.

Six different shelter designs were then tested in a shock tunnel in model
scale after several physical models were considered. Replica models were used
because of the lTimitations on the available shock tunnel facility. The
results from a series of twelve experiments involving 96 structural response
models were used to determine the blast protection provided by each of the six
types of shelters tested. Complete details of this shelter avaluation program
are found in Reference 5. This paper presents brief descriptions of the six
expedient sheiters tested, an overview of the test program, somz details of
the experiments and pressure measurement system, examples of pressure traces,
and a summary of the resuits.
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DESCRIPTION OF EXPERIMENTS

Shelters

The six expedient shelters selected for testing are depicted in Figures
1-6 and were as follows:

* [Door-covered trench shelter

¢ Above ground door-covered shelter
o Crib-walled shelter

e Ridge pole shelter

e Small pole shelter

e Llog-covered trench shelter

The below ground shelters generally utilize an excavation with a soil-covered
roof to provide protection from fallout. The earth ccver is specified to be a
minimum of 2 to 3 feet deep and 1s supported on a load-bearing roof of timbers
or household doors. The excavations are about 4 to 6 feet deep with vertical
walls. The above ground shelters have very shallow or no excavation specified’
in their construction. They use an earth-covered, load bearing roof of

timbers or wooden doors about 1.25 to 2 feet deep, and an earth-mound or
earth-filled walls about 2 to 4 feet deep.

For the shelters tested, the primary criterion for shelter acceptability
was that occupants not be mortally injured. The d-nage mechanisms that: were
used to evaluate the level of protection the shel.ers afforded the occupants
were classified as the exposure to overpressure, deoris impact/burial, and
occupant translation/impact. Because structural failures would create any or
all of these occupant damage categories, failure modes for each of the
shelters tested in model scale were identified and are listed in Table 1.

Scaling Considerations

A complete model analysis was conducted. Twenty parameters were used to
describe the blast loading, ambient conditions, the soil, the shelter
structure, and the shelter response. Using the Buckingham P{ Theorem {6], a
set of 17 independent dimensionless ratios called p! terms was developed.
Model and prototype systems are equivalent when the dimensioniess ratios are
the same in both. Sometimes this specific requirement cannot be satisfied
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Figure 1. Door-Covered Trench Shelter (References 1 and 2)
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Figure 2. Above Ground Door-Covered Shelter (Reference 1)
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Figure 3. Crib-Walled Shelter (Reference 1)
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Figure 4. Ridge Pole Shelter (Reference 1)
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Figure 5. Small Pole Shelter (Reference 2)
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Figure 6. Log-Covered Trench Shelter (Reference 1)
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Table 1. Shelter Fajlure Mode Possibilities

Overturn/ Trench Roof
Shelter Translation Collapse Collapse

Door-covered trench * *
Above ground door-covered *
Crib-walled * *
Ridge Pole *
Small Pole * *
* *

Log-covered trench

because of limitations in the test facility, in the physical properties of the
materials, in having a constant gravitational field, in how small the model
can be made, and in construction techniques.

Testing of the model shelters was intended to simulate loadings from a 1
megaton (MT) yield weapon at a distance where the side-on overpressure would
be greater than 2 psi. A shock tunnel located at Fort Cronkhite, California
(7], was provided by the government for testing. The shock tunnel has a
maximum overpressure capability of about 8 psi with a positive duration of
about 100 ms. Three different modeling approaches were considered: replica,
Froude, and dissimilar material. Repiica modeling was selected because it was
the most practical and least affected by the limitations of the test facility.

In a replica model all components in the model are made of the same
materials as in the prototype, and all geometries are similar. Therefore, all
lengths and times are scaled by a factor » ; density, stress, strain, and
pressure remain invarient; and accelerations scale as !/x . Because the
acceleration of gravity cannot be varied in the test facility, gravitational
effects were distorted between model and prototype. For the type of response
expected from the shelter models, this distortion was considered to be of
secondary importance.

Another problem for replica models caused by facility limitations was
that the maximum overpressure of 8 psi that can be generated in the Fort
Cronkhite tunnel has a 100 ms duration. Assuming that 1/10-scale shelter
models were tested, this duration would correspond to 1.0 sec in full scale.
A 1 MT nuclear explosion blast wave at the 8 psi level would have a duration
of 2.8 sec. Fortunately, calculation of the response time of the various
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structural components of the expedient shelters showed that the fundamental

period for each full-scale shelter was considerably shorter than the duration

of the overpressure load. Thus, the shelters were loaded in the quasi-static gaga
realm. Provided the response of the models was also in this domain, the

duration of the loading did not have to be scaled rigorously. This was the

case since the duration of the tunnel blast wave was about 4 to 45 times

longer than the natural period of each model shelter depending on type.

The other two types of modeling considered were eliminated because in one
case testing was required to be conducted in a reduced atmospheric pressure
with mode]l materials that were weaker by the scale factor, but of the same
density, and with loading times that were longer than those required by the
replica models. Evacuation of the expansion chamber in the shock tunnel was
not possible. In the second case, to obtain longer scaled durations, a
different, denser gas is required. This would have also required stronger
model materials. However, because the shock tunnel could not be used
practically with any gas other than ambient air, this modeling technique was
eliminated.

Test Facility and Model Fabrication

The Fort Chronkhite shock tunnel located near San Francisco was specified 5!&2
and provided by the government for the model shelter evaluation program. The =~
tunnel consists of a 63-foot long cylindrical compression chamber about 7 feet
in diameter in which strands of Primacord® are used to generate the blast
loads. The blast wave expands into a rectangular, 8.5 X 12 feet, cross-
sectional expansion chamber about 100 feet long. A major consideration in
test planning was the arrangement of modei-scale test structures within the
expansion chamber of the Fort Cronkhite facility, and the effects of this
arrangement on blast loads on the structures. Some of the expedient shelters
involve some sort of trenching, so that much of the shelter is below grade.

To simulate such shelters within the test facility, a soil-filled test section
was installed inside the shock tunnel to allow preparation or insertion of
model-scale shelters underground. Nominal length and height dimensions of the
test sa2ction are given in Figure 7. Laterally, the test section spanned the
entire width of the tunnel (12 feet). To allow smooth shock wave loading
approaching the models, a ramp was installed upstream at the front of the test
bed. OJownstrzam of the models, the test bed was continued to prevent
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premature expansion of the incident shock wave and a down ramp was also
installed. By providing a l-foot high elevated floor over a 28-foot length of -

the tunnel floor, several models could be tested at one time.

An estimate of the flow over the models was made to approximate the
worst-case shock Toading that would occur. The blockage factor due to the
elevated floor was small, and the elevated floor provided enough depth for
sublevel structurgs to be incorporated into the earth. With a l-foot elevated
surface, side-on shock pressures were expected to be increased by less than 10
percent over the pressure that would be obtained were the tunnel to be used in
the usual fashion.

By considering the interference drag that results between the models
after the passage of the shock front, the spacing betweer. models was
determined. The spacing between models in tandem was that spacing necessary
to eliminate interference drag. A similar approach was used to evaluate the
spacing needed to eliminate interference drag, in the tunnel axial direction.
This method of determining spacing requirements followed procedures used to
space obstacies in a conventional wind tunnel. By this technique, it was
determined that ten, two-abreast models could be tested during one test run
using the 28-foot long elevated test surface.

Axial spacing, based on this procedure, required that the test models ue
at least four to six feet apart on centers, with the first pair of models
being four feet behind the transition from the l4-degree ramp up to the test
surface. The last set of models was to be three feet forward on centers from

a l4-degree ramp down to the shock tunnel floor. Recommended lateral spacing ;
was based on having models with the lowest profile located toward the front E
edge of the elevated test bed. The last set of two models could be any of the ;ﬁ
models in pairs or in duplicate. The shelters were about three to four feet v
from a side wall to the edge of the medel. Shock diffraction interference fz
with these arrangements was expected not to be significantly different or fﬁ
altered from that found on an isolated model. gé
In determining the loading realm and selecting model sizes, response :%
times were estimated for the shelters. Fundamental vibration frequencies were EZ
calculated for the main strength structural members. Wooden dowels of 2
comparable strength were chosen to represent logs in the pole shelters. Main gg
structural members in the shelters using wooden poles wer2 generally specified g o
s
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EE::': "‘ to be four inches in diameter. Use of 3/8-inch wooden drwels to uudel these
* poles resulted in & scale factor A of 1/10.7 for these shelters. Several
0 types and sizes of plywood were tested along with solid 4-cr seztlons to
fa select modeling materials and sizes. Utile plywood, 3/le6-inch thick, was
:? selected to model doors serving as structural members. Using "/ -nch
+ plywocd to model the nominal 1-3/8 inch thick doors resulted §r . scale factor
“ of 1/7.33.
:‘ Six different fallout shelters were tested in this project to determine
‘ﬁ their structural blast resistance. As indicated in the introduction, two
. other shelters were originally identified for evaluation, but were eliminated
% from testing. The eight shelters were numbered for identification, and the
% six that were tested are listed in Table 2 along with the scale factor used to
? size their components. The models of the six expedient shelters were
’ prefabricated as much as possible at SwRI prior to departure to the Fort
i Cronkhite shock tunnel. In some cases, such as shelter 7, it was possible to
i assemble the complete wooden structure at SwRI. In other cases wooden
?ﬁgy' subassemblies were put together before departure and later assembled at the '
g test site. Finally, for some shelters (for example, shelter 2), only the
N model components for the logs and doors could be prepared at SwRI, and the
Yi complete assembly was effected at the test site. For those shelters which
& used soil trenches, wooden molds were fabricated at SwRI and used to form the «
e trenches in the soil test bed.
iq Table 2. Model Expedient Fallout Shelters Tested
S Shelter No. Shelter Name Scale Factor
?_‘2 2 Door-covered trench 1:7.33
- 3 Above ground door-covered 1:7.33
g 5 Crib-wailed 1 :10.7
L!; 6 Ridge poie 1 :10.7
= 7 Small pole 1:10.7
53 8 Log-covered trench 1:10.7
578 |
E A 1651
X
o
A !

i B R e i R A R G oAb

AR ol b B et B e A A



e ~ -]

The door-covered trench shelter is an example of one of the below ground
designs for which a mold was made and used to form the trench. The procedure 4% ¥
for making the trench was bequn by digging a slightly oversized hole in the
test bed, filling, and tamping the soil at the bottom of the hole to obtain
the required depth for the trench. The mold was then placed in the hole and
backfilled, and hand-tamped in layers with a two-by-four board. The soil used
to backfill and to cover the shelters was sifted using a sieve made from 1/4-
inch wire mesh. Water was then added to obtain a moisture content of about 10
percent, a level which provided the best soil workability in making the
trenches with the mold. Figure 8 shows the trench for a Nc. 2 shelter. After
all the trenches for these shelters were completed, their assembly followed
strictly the plan illustrated in Reference 1. The earth-filled rolls were
made using Saran Wrap® for the plastic material specified in the shelter plan
[1]. The same type of wrap was used to rainproof the roof soil cover. Figure
9 provides an example of a completed No. 2 shelter just prior to testing.
Shelters 3 and 8 were two other shelters whose assembly was done at the test
site using a wooden mold to form a trench.

m‘;ﬂ FEICERFIELES I DT DBl

Shelter 5, the crib-walled above ground sheiter, is an example of a
shelter that was to a great extent, prefabricated in subassemblies at SwRI.
The five required cribs for each of the five models made were all completed
prior to arriving at the test site. In addition, the roof poles were precut
in sets for each model shelter. Note that a significantly larger number of
poles were required to make the roof than is specified in the instructions for
the full-scale shelter in Reference 1. The cribs were assembled and filled
with soil as specified in the shelter plan using plastic wrap to line each
crib. Figure 10 showsa model of shelter 5 during assembly. The earch cover
was then placed on the roof as speciffed. Figure 11 shows a completed model
sheltefr 5 ready for testing. Shelter 6 was another shelter that was
partially assembled at SwRI before completing at the test site.

‘;3

{

|

Shelter 7, the small-pole shelter, was the only sh2lter evaluated in this
program that is detailed only in Reference 2. Five models of this shelter
were completely fabricated and assembled prior to departure from SwRl to the
L Fort Cronkhite shock tunnel. Each of these model shelters was installed in
3 the test bed by first digging a slightly oversized hole of the specified
depth, placing the assembled shelter in the hole, and then backfilling and
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Figure 8. Soil Trench for Door-Covered Trench Shelter

;

) Figure 9. Completed Model of Door-Covered Trench Shelter
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data stored on the diskettes were then read into a DEC 11/70 minicomputer, and
engineering plots were prepared using a Printronix 300 printer/plotter.

Test Matrix and Procedure

A total of 96 individual shelter response models were tested in the
twelve experiments conducted at the shock tunnel. Each test consisted of
setting up eight of the response models plus the two rigid models in the test
section of the tunnel. To stay within the blast overpressure capabilities
of the test facility, the tests were run at three nominal overpressures:

2, 4, and 8 psi. The number of shelters tested at each of these overpressures
is 1isted in Table 3 together with the number of tests. The first five
experiments were all at the lowest overpressure. Those shelter designs

that survived easily were not tested as often. Also taken into consideration
was the complexity of the erection procedure as well as the number of

models that had been preassembled or for which parts had been fabricated.

In general, those types of shelters that did not survive or appeared close to
failure were tested in greater numbers. Three of the highest pressure tests
were conducted next. For these tests, about the same number of samples were
tested from each type of shelter.

The next three tests used the intermediate overpressure levels, and
generally tested a similar number of samples from each type except the one
type that had survived the best at the highest pressure level without a

Table 3. Response Models Tasted

Shelter Nominal Overpressure (psi)
No Y4 4 8 Total
2 7 5 5 17
3 16 7 5 28
5 2 4 5 11
6 5 4 6 15
7 2 0 5 7
8 8 4 ] 18
No. of tests 5 3 4 12
1654
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